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THE ROLE OF FREE RADICALS IN 1BE PLANT'S RESPONSE
TO PATHOGEN ATTACKIN TOBACCO
Phillip L. Peters, M.S.
Western Michigan University, 1997
Previous studies have implicated the involvement of free radicals, specifically
reactive oxygen species (ROS), as a key component in plant response to pathogen
attack. In this study we examined the effect free radical scavenging compounds have
on lesion area, salicylic acid levels, catalase, and superoxide dismutase in response to
inoculation with Tobacco Mosaic Virus (TMV), a viral pathogen. Hydroponically
grown Nicotiana tabacum (Xanthi nc) were pretreated with one of two antioxidants,
either purpurogallin (PPG) or N-acetyl cysteine (NAC). Antioxidants were supplied to
the plant via the root system and the leaves were subsequently challenged by
inoculation with theTMV.

Leaf material was harvested at 0, 48, and 96 hrs

postinoculation. In response lo inoculation with T:NfV , plants pretreated with PPG did
not exhibit a significant difference in necrotic lesion area, free and total salicylic acid
(SA) content, and catalase and superoxide dismutase (SOD) activity over time. TMV
inoculated plants pretreated with NAC exhibited a 33.4% reduction in necrotic lesion
area at 48 hrs postinoculation and a 54.3% reduction in necrotic lesion area at 96 hrs
postinoculation. However, there was no difference in the free and total SA and catalase
and SOD activity in plants pretreated with NAC and challenged with TMV. In response
to TMV inoculation, there was no difference in catalase or SOD activity. The results of
this study suggest NAC significantly reduces necrotic lesion area in response to TMV
inoculation. It appears that supplying antioxidants via the roots has a limited effect on
the resistance response.
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CHAPTER!
INIRODUCTION
Plant disease is a complex interaction in which a pathogen inhibits the normal
development of the host by causing abnormal changes in form, physiology, integrity,
or behavior of the plant (Agrios, 1988).

Plants have evolved both physical and

chemical mechanisms with which to combat pathogen attacks. The first line of plant
defense includes physical barriers such as trichomes and the waxy cuticle. In the event
that a pathogen breaches this first line of defense, the plant responses can be classified
as either resistant or suseptible.
Resistant plants restrict the spread and multiplication of a pathogen to a very
small area of tissue at the point of infection.

This localized reaction to pathogen

infection, or hypersensitive response (HR), is characterized by the coordination of cell
death at the infection point resulting in the fonnation of a lesion (Goodman and
Novacky, 1994).

Associated with the HR is a phenomenon known as systemic

acquired resistance (SAR), in which an infected host plant becomes more resistant to
subsequent pathogen attacks (Ross, 1961a; Ross, 1961b). SAR to the Tobacco Mosaic
Virus (TMV ) in tobacco plants, Nicotiana tabacum, is manifested through the
appearance of smaller and fewer hypersensitive lesions and the induction of
pathogenesis-related (PR) proteins. In contrast, susceptible plants undergo a systemic
infection process in which the pathogen spreads unabated throughout the plant. During
this systemic infection, there is no fonnation of the HR and little or no PR protein
expression. Considerable attention has been focused on elucidating the mechanisms of
plant resistance, because a better understanding of the processes involved in resistance
1
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would have major implications in the production of disease resistant crops. Recently.
salicylic acid (SA) was implicated as an important component in the mechanism of
disease resistance (Malamy et al, 1990; Metraux et al., 1990). SA levels have been
shown to increase in response to pathogen attack and induce PR protein production
(Malamy, 1990; Ward et al., 1991).

Additionally, SA is associated with the

hypersensitive response (Yalpani et al., 1991; Enyedi et al., 1992), and the biosynthetic
pathway that results in salicylic acid has been well characterized (Y alpani et al., 1993 ).
However, the signal transduction pathway initiated following pathogen attack and
culmination with the biosynthesis of salicylic acid and the acquisition of heightened
resistance has not yet been elucidated. Recently, evidence suggests that free radicals, a
highly bio-reactive group of molecules, may serve as the initial signal molecules in the
plant resistance response (Doke, 1985; Keppler and Novacky, 1987). Most attention
concerning free radicals and plant-pathogen interactions has focused on a group of free
radicals called reactive oxygen species (ROS). ROS have been shown to be involved in
the HR (Bradley, 1992), accumulation of SA (Yalpani et al., 1994), and the induction
of PR-proteins (Green and Fluhr, 1995).
The research described in this study examines the role of free radicals in the
plant resistance signal transduction pathway initiated in response to pathogen attack.
We hypothesize that ROS serve as a primary signal upstream of the HR and
accumulation of SA and SAR. If ROS serve as a primary upstream signal in the plant
resistance signal transduction pathway, then introducing known antioxidants to
scavenge these ROS will disrupt the downstream signals involved in SAR. To test this
hypothesis, tobacco plants were supplied one of two antioxidants (purpurogallin or N
acetyl cysteine), inoculated with TMV, and then analyzed for lesion area, SA
accumulation, and the activity of two antioxidant enzymes, catalase and superoxide
dismutase.

CHAPfERII
LITERATURE REVIEW
Plant Pathogen Interactions
Plants are constantly challenged by disease causing organisms. Plants that are
resistant to these pathogens possess both physical and chemical barriers that serve to
protect the plant from infection. \Vb.en a pathogen circumvents the physical li1�e of
defense, the plant responds with a second line of chemical defenses.

Chemical

defenses include secondary metabolites such as phenolics, lignins, phytoalexins,
proteinase-inhibitor (Pl) proteins, and pathogenesis-related (PR) proteins. In addition
to inducing defensive compounds, plants commonly respond to pathogen infection by
committing a coordinated cell death, or hypersensitive response (HR), around the point
of infection limiting the spread of the pathogen. Resistance is not only localized at the
point of infection, but also spreads to the rest of the plant including non-infected areas.
Systemic acquired resistance (SAR) conveys resistance and is inducibleto the whole
plant and reduces the effect of subsequent pathogen attacks. The appearance of PR
proteins and decreased lesion area are ty pically considered indicators of SAR (Ward et
al., 1991).
PR proteins were first detected in tobacco leaves infected with the tobacco
mosaic virus (1MV) (VanLoon and Van Kammen, 1970).

To date there are five

families of PR proteins that have been identified: PR-1 (a,b,c), PR-2, PR-3, PR-4, and
PR-5. In most cases the function of these proteins is not known. However, the PR- 2
and PR-3 classes have been shown to have antifungal properties (Stintzi et al., 1993 ).
All of the PR proteins are extracellular and acidic with the exception of the basic PR-1c
3

4
class(Ward et al., 1991).
Salicylic acid has also been implicated as an important component in the
expression of PR-proteins and the development of SAR (Malamy, 1990; Gaffney,
1993; Delaney, 1994).

Salicylic acid is a phenolic compound derived from the

phenylpropanoid pathway(Yalpani et al., 1993). The role of free salicylic acid in plant
resistance is thought to be that of a transmissible signal molecule. The SA conjugate,
salicylic acid glucoside, is considered to be the storage form of SA (Enyedi et al.,
1992). Methyl salicylate, a volatile form of SA, has been shown to be an airborne
signal in plant resistance (Shulaev, 1997). Tobacco inoculated with tobacco mosaic
virus (TMV), increased levels of SA in parallel with the induction of PR-proteins
(Malamy, 1990). These results suggested that SA was an endogenous signal in the
resistant response of TMV inoculated tobacco. Consistent with the findings that SA is
a transmissible signal molecule were the levels of salicylic acid in the phloem sap of
cucumbers infected with the tobacco necrosis virus and the fungal pathogen
Colletotrichum lagenarium (Metraux et al., 1990). Furthermore, exogenously fed SA
was shown to induce PR-protein formation in mock inoculated tobacco (Enyedi et al.,
1992). The cummt model pathway that is initiated by a plant/pathogen interaction and
results in SAR is described by Leon et al. (1995) and Delaney (1997) (Figure 1). In
this model the HR is initiated in response to pathogen attack which is followed by an
accumulation of SA and induction of PR-proteins and SAR.
Plant / Pathogen
interaction

---+ HR - - - - · SA

PR
--+ Proteins,
SAR

Figure 1. Proposed Pathway of Plant Resistance in Response to Pathogen Attack.
Further investigation of the involvement of SA in SAR questioned its role as the
long distance signal molecule (Rasmussen et al., 1991). Examination of the phloem
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suggested that although SA is an inducer of resistance it is not the primary signal
(Rasmussen et al., 1991). Support of this hypothesis came from grafting experiments
utilizing the nahG transgenic plants that convert SA to catechol (Vernooij et al., 1994 ).
TMV-inoculated nahG rootstocks unable to accumulate SA were capable of delive1ing a
signal molecule (not SA) to wild type scions and induce resistance (Vernooij et al.,
1994).
These findings prompted research to fmd other potential signals responsible for
induced resistance.

Additional experiments uncovered an SA-binding protein.

identified as the antioxidant enzyme catalase (Chen et al., 1995) Results of these
experiments suggested that hydrogen peroxide may be an important signal dming the
acquisition of SAR the primary signal (Chen et al., 1995). Chen et al hypothesize that
SA binds to the active site of catalase inhibiting its ability to destroy hydrogen peroxide.
Thus, catalase inhibition results in elevated levels of hydrogen peroxide which senes
as the long distance signal. However, recent evidence showed that TMV -inoculated
tobacco failed to exhibit elevated levels of hydrogen peroxide and argues against the
role of hydrogen peroxide as the p1imary transmissible signal (Neuenschwander et al.,
1995; Mei-Bi et al., 1995).
Free Radicals and Antioxidants
Free radicals are atoms or groups of atoms with at least one unshared pair of
electrons(Slater, 1984). These highly reactive molecules are a consequence of nom1al
cellular metabolism such as respiration, photorespiration, photosynthesis, and
senescence (Scandalios, 1993). Fom important reactive oxygen species (ROS) are
known, the superoxide radical(•(\-), hydrogen peroxide (H2 (\), the hydroxyl radical
(•OH), and singlet oxygen (1 (\) (Scandalios, 1993). Utilization of oxygen as the
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terminal electron acceptor in aerobic organisms generate ROS by the sequential addition
of four electrons to produce water (Equation 1) (Scandalios, 1993 ).
Equation 1.
The first addition of an electron yields the superoxide anion (02 "), then Hi C:li, then the
hydroxyl radical (OH-), and the final addition of an electron yields water (H2 0)
(Scandalios, 1993). Once generated, free radicals disrupt the structure and normal
cellular function of nucleic acids, amino acids, proteins, and carbohydrates (Slater,
1984; Wolff et al., 1986).
In general, the plants maintain low levels of ROS. As reviewed by Scandalios
(1993), the levels of free radicals are kept in check by both free radical scavengers and
antioxidants. Antioxidant enzymes such as superoxide dismutase, catalase, ascorbate
peroxidase, and glutathione reductase scavenge free radicals and convert them into less
harmful molecules.

The combined efforts of superoxide dismutase and catalase

converts the highly toxic superoxide radical to water and oxygen and prevent the
formation of the hydroxyl radical, the most reactive and disruptive oxygen species.
Superoxide dismutase (SOD) converts the superoxide radical to hydrogen
peroxide and oxygen (Equation 2). As described in the review by Scandalios (1993),
SOD's are found in all oxygen consuming organisms and some anaerobes. Three types
of superoxide dismutase have been observed, grouped according to the metal they
contain at their active site (Scandalios, 1993 ).
SOD

Equation 2

There are copper (Cu II) and zinc (Zn II), manganese (Mn III), or iron (Fe III) SOD's.
Zn II and Cu II containing SOD' s are generally found in the cytosol and chloroplasts of
eukaryotic cells. SOD' s containing manganese (Mn III) are found in the mitochondria

7

and prokaryotes. SOD' s with iron (Fe III) at the catalytic center are found in
prokaryotes but have been reported in plants. Most Cu/Zn SOD's have a dimeric
quaternary structure, whereas most Mn- and Fe- containing SOD"s are tetran1eric.
Because of the high reactivity of the superoxide radical, detoxification occurs close to
the site of generation. Intracellular SOD's are found in the cytosol, mitochondria, and
chloroplasts. However, extracellular SOD's have not been found in plants.
The antioxidant enzyme catalase (CAT) catalyzes the decomposition of
hydrogen peroxide to oxygen and water (Equation 3).
CAT

Equation 3.

All eukaryotic catalases have a tertrameric quaternary structure (Scandalios, 1990).
Catalases are compartmentalized in the peroxisomes, mitochondria, and cytosol
(Scandalios, 1974).

However, catalase is mainly located in the peroXIsomes

(Scandalios, 1990) where hydrogen peroxide is generated as a byproduct of the
breakdown fats and also the detoxification of alcohols (Campbell, 1993)
In recent years free radicals have been implicated as a component in the plant
resistance signal transduction pathway (Delaney, 1997). Their role is thought to be an
early signal that results in the activation of the pathway that gives rise to SAR. In
soybean cells treated with a fungal elicitor isolated from Phytophthora megasperma,
there was a rapid crosslinking of cell wall proteins in response to hydrogen peroxide
generation (Bradley, 1992). This crosslinking is believed to result in a strengthening of
the cell wall (Kobayashi et al., 1995).

Pretreatment with the hydrogen peroxide

scavenger, catalase, prevents this cross-linking from occurring (Bradley, 1992).
Furthern1ore, this rapid burst of hydrogen peroxide in response to soybean cells treated
with Phytophthora megasperma elicitors has been shown to function as a trigger for the
localized hypersensitive cellular death (Levine et al., 1994). In cucumber infected with
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Pseudomonas svnngae, a lipid peroxidation event occurs altering the membrane
structure and integrity (Keppler and Novack)', 1987). Pretreatment with superoxide
dismutase significantly reduced the amount of lipid peroxidation in cucumber infected
with Pseudomonas syringae (Keppler and Novackry, 1987). In potato tubers infected
with Phytopthora infestans, superoxide anion production results in hypersensitive cell
death and the production of novel antimicrobial defense compounds called phytoalexins
(Doke, 1985).
In addition to biotic agents or metabolic processes, abiotic factors have been
shown to be inducers of plant resistance responses. Induction of PR-proteins occurs in
response to tobacco plants treated with lN-B (Green and Auhr, 1995). Recently,
levels of salicylic acid were shown to increase in tobacco treated with the free radical
generating compound, rose bengal (Enyedi, unpublished), ozone and lN-B (Y alpani et
al., 1994).

Abiotic treatments have also been demonstrated to affect antioxidant

enzymes (Tsang et al., 1991; Rao et al., 1996). Tobbaco plants exposed to light and
temperature stress and paraquat increase the expression of SOD mRNA (Tsang et al.,
1991).

Arabidopsis thaliana

treated with both ozone and lN -B demonstrated

increased levels of superoxide dismutase, ascorbate peroxidase, and glutathione
reductase activity (Rao, 1996). All of these abiotic agents shared a common mode of
action through the production of oxygen free radicals.
The purpose of this project is to investigate whether ROS are implicated in the
pathway that gives rise to SAR in tobacco plants responding to viral pathogen attack.
We propose that ROS serve as an early signal upstream from HR and SA accumulation
in the signal transduction pathway that gives rise to SAR.

We tested the null

hypothesis that tobacco plants pre-treated with an antioxidant and inoculated with TMV
would not show any differences in lesion area, SA levels, catalase and SOD activity
when compared to plants not pre-treated with an antioxidant. Alternatively, tobacco
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plants pre-treated with an antioxidant and inoculated with TMV would show differences
in lesion area, SA levels, catalase and SOD activity when compared to plants not pre
treated with an antioxidant. The objectives of this research were threefold: First, to
determine whether root-supplied antioxidants affect the hypersensitive response m
TMV inoculated tobacco. Secondly, to determine whether root-supplied antioxidants
affect free and total SA levels in TMV inoculated tobacco.

Finally, to determine

whether treatment with antioxidants and TMV inoculation affects the activity of catalase
and superoxide dismutase.

To achieve these objecxtives two antioxidants,

purpurogallin and N-acetyl cysteine, were used as free radical scavengers because of
their antioxidant properties.

CHAPfERill
MATERIALS AND rvmIHODS
Plant Culture
Seeds of Nicotiana tabacum L. (cv. Xanthi-nc, NN genotype) were sown in a
synthetic soil less medium (Metro Mix 510) and grown in Western Michigan
University's greenhouse facility. Forty-nine to fifty-two day-old whole plants were
removed from medium and gently washed to remove any adhering particles and
transferred to a fifty-four vessel hydroponics system.

The hydroponics system

consisted of 350 ml Magenta boxes supplied with constant aeration and 0.5X
Murashige and Skoog (MS) basal salt medium (Murashige and Skoog 1962). Plants
were maintained at 25°C under a 16:8 hour photoperiod (PPD).
provided by cool white fluorescent lamps (114 µEJm2 /sec).

Illumination was
A forty-eight hour

acclimation period was provided with 0.5X MS medium prior to antioxidant treatment.
Plants were supplied one of two antioxidants; 60 pM purpurogallin (C11H8 O5) or 3 mM
N-acetyl-L-cysteine (C5�NO3 S) in addition to 0.5X MS medium (see antioxidant
concentration detennination). All reagents were purchased from Sigma Chemical
Company (St. Louis, MO). All plants were maintained with a constant supply of
antioxidant/MS medium with complete medium changes eve1y other day. An additional
forty-eight hour acclimation period was provided to allow for the movement of the
antioxidants into the plants.
Tobacco Mosaic Virus Inoculation
Forty-eight hrs after treatment with an antioxidant, three uppermost, nearly fully
10
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expanded leaves were abraded with 400 grit carbomndum and inoculated with 250 ftL
of Ul strain of TMV (25 }Jg/mL) by gently rubbing the adaxial leaf smface (Enyedi et
al., 1992 ). Control leaves were mock-inoculated with deionized water. Lesions were
noticeable after forty-eight hours post-inoculation and were prevalent by ninety-six
hours. Leaves were harvested at 0, 48, and 96 hours postinoculation and stored at 80° C until free and total salicylic acid, catalase, and superoxide dismutase analyses
were performed. All experiments were repeated three times.
Preliminary Antioxidant Dose Determination
The purpose of antioxidant dose determination experiments was to determine
the appropriate concentration of PPG and NAC to use in subsequent experiments.
Whole tobacco plants were grown, transplanted, and maintained prior to treatment as
described above (see plant culture). Following transplantation and a forty-eight hour
acclimation period in 0.SX MS media, plants were supplied a range of concentrations
for both antioxidants.

Plants were treated with 0, 60, 120,

180, 240 mM

pmpurngallin/0.SX MS medium and observed for signs of visible phytotoxicity for 96
hrs. Additional plants were treated with 0.003, 0.03, 0.3, 3, 30, 300 mM NAC and
also observed for signs of visible phytotoxicity for 96 hrs. All plants were maintained
with a constant supply of antioxidant/MS media and aeration at 25° C under 16:8 PPD.
Each experiment was performed once.
Lesion Area Quantification
Lesion area in response to TMV inoculation was quantified usmg llllage
analysis of leaves containing lesions at 48, and 96 hours postinoculation prior to
harvest. Leaves were excised and kept in damp paper towels to prevent dehydration
during lesion analysis. A ruler with millimeter increments was used to calibrate the
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image analysis system. Approximately 20 individual lesions from each leaf were
chosen for analysis. The image of the leaf was acquired using a Javelin MOS solid
state camera with a 0.5X lens interfaced with a Sony trinitron monitor and a Gateway
2000 computer.

Using the Metamorph software program (Universal Imaging

Corporation, Westchester, PA) the image of the leaf was digitized and lesion area
(mm2 )was measured.
Extraction of Free Salicylic Acid
Free SA was extracted as described by Enyedi et al (1992). Free salicylic acid
(SA) was extracted from 0.5 g of leaf material harvested at 0, 48, and 96 hours
postinoculation. Fresh weight leaf tissue was ground in the presence of liquid nitrogen
to a fine powder. The powder was suspended in 2.5 mL of 90% methanol (reagent
grade) and vortexed for approximately 10 seconds. The homogenate was centrifuged at
2440 g for 15 minutes. The supernatant was decanted into a clean glass culture tube.
The leaf tissue pellet was resuspended in 2.5 mL of 95% methanol (reagent grade) was
added to the pellet and vortexed. The homogenate was recentrifuged for 15 minutes at
24400 X g rpm. The supematants were combined and dried overnight using a Speed
Vac Plus (Savant, model # SC210A, Marietta, OH).

The dried residue was

resuspended in 2.5 mL of 5% trichloroacetic acid (TCA) using a glass rod.
Resuspended samples were centrifuged at 2440 X g for 15 minutes. The supernatant
was decanted into a clean labeled borosilicate glass culture tube. The supernatant was
partitioned twice with 2.5 ml of extraction medium (ethyl acetate/cyclopentane [1: 1]).
The top organic phase was collected and combined in a clean labeled glass culture tube
and dried overnight using the Speed Vac. The pellet was resuspended with 500 µL of
55% methanol (HPLC grade). Samples were filtered using 0.2 µm nylon SRI filter
units and transferred to a 1 mL glass autosampler vial. Samples were stored at -20°C
until HPLC analysis.
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Extraction of Total Salicylic Acid
Total SA was extracted as described above in extraction of free SA. However,
an additional enzyme digest step was included to convert the conjugate salicylic acid
glucoside to salicylic acid.

Prior to the addition of TCA, the dried residue was

resuspended with 1.25 ml of a B-glucosidase (E.C._3.2.1.21) solution (20 units/mL)
using a glass rod and incubated at 37°C for 1.5 hrs. Following the enzyme digest, 1.25
ml of 10% TCA was added to each sample. Completion of the total SA extraction was
performed as described for free SA.
HPLC Analysis
Free and total SA were quantified using a ·waters HPLC system with a 600E
gradient pump system and controller, WISP autosampler, 470 scanning fluorescence
detector and Millenium 2010 chromatography manager on an NEC 486 computer.
San1ples were injected onto a reverse phase C18 column (250X4 mm; 5 µm) using a
mobile phase consisting of 77% 20 mM sodium acetate buffer (pH 5.0) and 23%
HPLC grade methanol at a flow rate of 0.85 mL/min. Salicylic acid was detennined by
fluorescence with an excitation wavelength of 315 nm and emission wavelength of 405
nm. All data were corrected for recovery by extracting SA from leaf tissue spiked with
0, 500, and 1000 ng of SA. Percent recovery was determined by dividing the amount
of SA recovered by the an1ow1t of the SA added to the leaf tissue multiplied by 100.
Percent recovery ranged from 43% to 64%.
Protein Extraction and Quantification
Crude, unpurified protein extracts were prepared by homogenizing 2.0 g of
frozen leaf tissue in 10 mL of ice cold 0.05 M KHP04 buffer (pH 7.0) using a Polytron
(Brinkman Instruments model# PT 10/35, Westbwy, NY). The homogenate was
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centrifuged at 12,000 g at 4 C for 15 nun.

After centrifugation, aliquots of the

supernatant were removed to determine enzyme activity and protein concentration
(Bradford, 1976). Total protein content was determined by a Coomassie blue dye
binding assay using bovine serum albumen (1 mg/mL) as a protein standard. Total
protein assays consisted of adding 60 µL of the protein extract to 3.0 mL of the Bio
Rad dye solution. Absorbance at 595 nm was determined using a Beckman DU 7500
spectrophotometer. Total protein concentration was expressed as mg/nu.
Superoxide Dismutase Assay
Superoxide dismutase (SOD) assays were perfom1ed as described by
Beauchamp and Fridovich (1971). The oxidation of xanthine by xanthine oxidase
generates the superoxide radical which reduces cytochrome C. SOD scavenges the
superoxide radical, thus inhibiting the reduction of cytochrome C. One unit of SOD is
defined as the rate of cytoclu·ome C reduction in the absence of SOD divided by the rate
of cytochrome C reduction by in the presence of SOD multiplied by 100. This assay
was perfonned using a total of 3 mL of substrate solution containing 0.05 M KHP04
(pH 7.8), 2.0 M xanthine, xanthine oxidase (10 units/mL) (E.C. 1.1.3.22) added to a
glass cuvet. Change in absorbance over time was determined using a Beckman DU
7500 spectrophotometer at 550 nm. This SOD assay is not specific to any one group of
SOD's. SOD activity is expressed as unit/mg protein.
Catalase Assay
The catalase assay was performed as described by McCord and Fridovich
(1969). Catalase activity was determined by monitoring the decrease in absomance of a
substrate solution containing 0.05 MKHP04 buffer (pH 7.0) and 0.075%

�Oi using

a Beckman DU 7500 spectrophotometer at 240 nm. A 50 µL aliquot of the protein
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extract was added to a quartz cuvette containing 3.0 mL of substrate solution and mixed
thoroughly by inversion and monitored for a decrease in absorbance for 2 minutes.
Units of catalase activity were calculated as Mb8240/min/mL. Catalase activity was
expressed as units/mg protein. One unit of catalase decomposes 1 µmole Hi Di per
minute at pH 7.0.
Experimental Design and Statistical Analysis
All plants were randomly assigned to one of four treatment groups
(+TMV /+Antioxidant; -TMV/+Antioxidant; + Th1V /-Antioxidant; -T�1V /-Antioxidant)
using a lottery system. There were a total of three replicates for each treatment in each
experiment. Experiments using PPG and NAC as antioxidants were each pe1fonned
either two or three times. A 2 X 2 X 3 (-TMV / +TMV X -Antioxidant i +Antioxidant
X 0, 48, 96 hrs.) factorial experimental design was used to partition out the effects of
each treatment. Experiments using PPG and NAC as the antioxidants were performed
three separate times each. All data was subjected to an analysis of variance using Super
ANOV A software (Abacus Concepts, Inc.) to determine differences an10ng treatment
groups. Tu.key's multiple comparisons test was used to detemline which treatment
groups were significantly different from each other at a

ex

= 0.05 (Zar, 1984). Data

was analyzed to accept or reject the following hypotheses:
H0

:

Tobacco plants supplied with an antioxidant via the roots and then challenged
with TMV will not exllibit differences in lesion area, SA levels, catalase and
SOD activity when compared to plants not treated with an antioxidant.

H1

:

Tobacco plants supplied with an antioxidant via the roots and challenged with
TMV will have either reduced or increased lesion area, SA levels, catalase and
SOD activity when compared to plants not treated with an antioxidant.

CHAPI'ERIV
RESULTS
Preliminary PPG and NAC Dose Determination Experiments
Seven week-old hydroponically grown tobacco plants were supplied with
concentrations of 0, 60, 120, 180, and 240 µM purpurogallin (PPG) and 0.SX MS
medium and observed for visible signs of phytotoxicity for a period of 96 hrs. As the
concentration of PPG increased in solution, so did the degree of dark brown staining of
the oldest roots. The new root growth exhibited extensive root hair fonnation which
remained white and was unstained in the 60, 120, and 180 ftM PPG concentrations.
Plants treated with 240 µM PPG failed to initiate new root growth and the entire root
system became stained. At 72 hrs, plants treated with concentrations of PPG greater
than 60 µM exhibited severe foliar wilting in lower leaves. Prior to 72 hrs there were
no visible signs of phytotoxicity. Control plants and plants treated with 60 µM PPG
did not exhibit signs of wilting or other visible symptoms of phytotoxicity. Based on
this preliminary experiment, 60 µM was detennined to be the concentration for
experiments involving PPG.
In a separate experiment, seven week old hydroponically grown tobacco plants
were supplied concentrations of 0, 0.003, 0.03, 0.3, 3, 30, and 300 mM of N-acetyl
cysteine (NAC) and 0.SX MS medium and observed for signs of phytotoxicity for a
period of 96 hrs. Within 24 hrs after treatment, plants treated with 30 mM and 300 rnM
NAC exhibited wilting of all the leaves. In addition to wilting, the leaves of the plants
treated with 30 and 300 mM NAC exhibited large necrotic areas along the leaf margins.
Plants treated with 300 mM showed the most severe wilting and largest necrotic
16
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reg10ns. There were no signs of wilting or necrosis in plants treated with 3 mM or less
of NAC. For this reason, 3 mM NAC was detennined to be the concentration for all
NAC experiments.
Effect of PPG on Lesion Area in Response to TJ\1V Inoculation
In response to TMV inoculation, plants treated with PPG (+TMV /+PPG) and
plants not treated with PPG (+1MV /-PPG) both exhibited necrotic lesions as a result of
the hypersensitive response by 48 hrs post-inoculation (Figure 2). All plants showed
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Effect of Purpurogallin (PPG) on Lesion Area in TMV Inoculated NN
Tobacco. Area of twenty individual lesions per leaf was determined at 48
and 96 hours after TMV inoculation using digital in1age analysis. Pooled
data from h,10 experiments are shown. Each bar represents the mean of
six replicate san1ples (+/- SE). There was a significant experimental etfect
between the two experiments.

increased lesion area between 48 and 96 hrs with the largest lesions occurring at 96 hrs.
Plants treated with PPG did not show any significant difference in lesion area when
compared to plants not treated with PPG (p > 0.05). At 48 and 96 hrs postinculation,
+TMV /+PPG plants had a mean lesion area of 0.5 mm2 and 2.4 mm2, respectively. At
48 and 96 hrs postinoculation +TMV /-PPG plants had mean lesion area of 0.4 mm2 at
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48 hrs and 2.3 mm at 96 hrs.
Effect of NAC on Lesion Area in Response to TMV Inoculation
TMV inoculated plants treated with NAC (+TMV /+NAC) and plants not treated
with NAC (+TMV/-NAC) exhibited hypersensitive lesions by 48 hrs post-inoculation
(Figure 3). An increase in lesion area was observed in all plants between 48 and 96 hrs
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Effect of N-acetyl Cysteine (NAC) on Lesion Area in TMV Inoculated
NN -Tobacco. Area of twenty individual lesions per leaf was
detennined at 48 and 96 hours after TMV inoculation using digital
image analysis. Pooled data from two experiments are shown. Each
bar represents themean of six replicate samples (+/- SE). There
was a significantexpe1imental effect between the two experiments.

with the largest lesions occurring at 96 hrs. The mean lesion area in +TMV/-NAC
plants increased from .31 to 2.48 mm2 betw�en 48 and 96 hrs. +TMV/+NAC plants
had signs of reduced lesion area at both 48 and 96 hrs when compared to +TMV/-NAC
plants. Mean lesion area in +TMV/+NAC plants was 0.25 mm2 and 1.21 mm2 at 48
and 96 hrs, respectively. In comparison to -NAC plants, +NAC plants exhibited a
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19.4% reduction m lesion area at 48 hrs and 51.2% reduction by 96 hrs.
Both reductions were significant at p<0.05.
Effect of PPG on Free and Total SA
As a consequence of T!\1V inoculation, there was an increase in endogenous
free SA levels over time in all vims treated tissues (Figure 4). There was no significant
difference in free SA levels between TMV inoculated plants treated with PPG
(+T!\1V /+PPG) and TMV inoculated plants not treated with PPG ( +Uv1V /-PPG)
(p>0.05). At O hrs all treatments exhibited basal levels of free SA. The mean basal
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Effect of Purpurogallin (PPG) on Free SA Content of Leaf Extracts in
Xanthi-nc Tobacco Plants Sampled 0, 48, 96 hrs After TMV
Inoculation. Samples were taken from both T!\1V inoculated and mock
inoculated plants. Pooled data from two experiments are shown. Each
bar represents the mean of six replicate samples (+/- SE). There was no
significant expe1imental effect between the two experiments.

levels of free SA was 74.8 ng/g FW. Between O and 48 hrs postinoculation free SA
content increased from 7 9.8 to 98.6 ng/g FW in +T!\1V /+PPG treated plants and from
64.8 to 96.1 ng/g FW in +T!\1V /-PPG treated plants. The largest increase in SA in
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response to TMV inoculation occurred from 48 to 96 hrs in both +TMV /+PPG
and+TMV/-PPG treated plants. In+TMV /+PPG plants, free SA content increased from
98.6 to 296.4 ng/g between 48 and 96 hrs and from 96.1 to 245 ng/g FW in +Th!V /
PPG plants. Mock inoculated plants treated with PPG (-TMV/+PPG) and control
plants (-TMV/-PPG) did not exhibit an increase in free SA over baseline levels at 48
and 96 hrs postinoculation with the exception of control plants at 96 hrs which had a
mean free SA content of 145.1 ng/g FW.
Endogenous total SA levels also increased over time in response to TMV
inoculation, with largest increases in SA occurring between 48 and 96 hrs (Figure 5).
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Effect of Purpurogallin (PPG) on Total SA Content of Leaf Extracts in
Xanthi-nc NN-Tobacco Plants Sampled 0, 48, 96 hrs After TMV
Inoculation. Samples were taken from both TMV inoculated and mock
inoculated plants. Pooled data from three experiments are shown. Each
bar represents the mean of nine replicate samples (+/- SE). There was a
sig�ficant experimental effect among the three experiments.

There was no significant difference in total SA content between +PPG and -PPG
treated plants inoculated with TMV (p>0.05). Total SA levels in +TMV/+PPG plants
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increased from 447.9 to 2434.9 ng/g FW between 48 and 96 hrs postinoculation.
TMV inoculated plants not treated with PPG (+TMV /-PPG) exhibited increases in total
SA from 599.9 to 3820.3 ng/g FW between 48 and 96 hrs. Total SA levels in mock
inoculated plants treated with PPG (-TMV /+PPG) and control plants (-Th1V /-PPG) did
not increase over baseline levels. The observed baseline levels of both free and total
SA'in mock inoculated and NAC-treated plants indicates that these treatments do not
induce increases in SA.
Effect of NAC on Free and Total SA
TMVinoculated plants treated with NAC (+TMV/+NAC) and TMV inoculated
plants not treated with NAC (+TMV/-NAC) had increased levels of free SA when
compared to mock inoculated plants treated with NAC (-TMV/+NAC) and control
plants (-TMV/-NAC)(Figure 6). All plants inoculated with TMVhad increased levels
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Inoculation. Samples were taken from both TMV inoculated and mock
inoculated plants. Pooled data from thee experiments are shown Each
bar represents the mean of nine replicate samples (+/- SE). There was
no significant experimental effect among the three experiments.
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of free SA over time, with the largest free SA accumulation occurring at 96 hrs. Plants
treated with both TMV and NAC exhibited an increase in endogenous free SA from
119.6 to 224.4 ng/g RV between 48 and 96 hrs. Free SA levels in +TMV/-NAC
treated plants increased from 95.9 to 289.6 ng/mg FW between 48 and 96 hrs. The
amount of free SA in +TMV/+NAC treated plants was not significantly different than
the amount of free SA in +TMV /-NAC treated plants (p>0.05). There was no increase
in free SA over baseline levels in mock inoculated plants treated with NAC
(-TMV/+NAC) or in control plants (-TMV /-NAC) dwing the cow-se of the experiment.
Endogenous levels of total SA in TMV inoculated plants treated with. either
AC (+TMV/+NAC) or plants without NAC (+TMV/-NAC) also increased over time
with the largest accumulation at 96 hrs (Figure 7). The greatest increase in total SA
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Effect of N-acetyl Cysteine (NAC) on Total SA Content of Leaf Extracts
in Xanthi-nc Tobacco Plants Sampled 0, 48, 96 hrs After TMV
Inoculation. Samples were taken from both TMV inoculated and mock ·
inoculated plants. Pooled data from three experiments are shown. Each
bar represents the mean of nine replicate samples (+/- SE). There was no
significant experimental effect among the three experiments.

23
occurred between 48 and 96 hrs in TMV inoculated plants. SA levels increased from
300.4 ng/g FW at48 hrs to 698.9 ng/g FW at 96 hrs in +1MV/+NAC plants. Total SA
in +1MV /-NAC plants increased from 266.3 to 677.4 ng/g FW between 48 and 96
hrs.There was no significant difference in total SA between NAC-treated and control
plants inoculated with Th!V (p>0.05). With the exception of -TMV /+NAC-t:reated
plants at 96 hrs, levels of total SA did not exceed baseline levels in mock inoculated
plants treated with NAC (-TNIV /+NAC) or in control plants (-TMV /-NAC).

This

indicates that plants treated with either NAC alone or mock inoculated plants do not
experience an increase in the levels of free or total SA.
Effect of PPG on Catalase and SOD Activity in 1MV Inoculated Tobacco
Catalase activity for experiments involving PPG is shown in Figure 8. Catalase
activity increased between O and 48 hrs post inoculation in all treatments. The observed
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Effect of Purpurogallin (PPG) on Catalase Activity in Xanthi-nc Tobacco
Inoculated With TMV San1pled at 0, 48, 96 hrs Post-inoculation.
Samples were taken from TMV and mock inoculated plants. Enzyme
activity is expressed as units per mg total protein. Pooled data from three
experiments are shown. Each bar represents the mean of nine replicate
samples ( +/- SE). There was no significant experimental effect among the
three experiments.
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SOD activity was not significantly different at O and 48 hours postinoculation in
plants inoculated with TMV (+TMV/+PPG; +TMV/-PPG) and mock inoculated plants
(-TMV/+PPG; -TMV/-PPG) (p>0.05)

(Figure 9).

Additionally, there was no

significant difference in plant treated with PPG (+Th1V/+PPG; -TMV /+PPG) and
plants not treated with PPG (+TMV/-PPG; -TMV/-PPG) (p>0.05). At 96 hrs. TM\'
inoculated plants exhibited a significant increase in mean SOD activity over mock
inoculated plants.
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Effect of Purpurogallin (PPG) on Superoxide Dismutase (SOD) Activity
in Xanthi-nc Tobacco Inoculated With TMV Sampled at 0, 48, 96 hrs
Post-inoculation. Samples were taken from TMV and mock inoculated
plants. Enzyme activity is expressed as unjts per mg total protein.
Pooled data from two experiments are shown. Each bar represents the
mean of six replicate samples (+/- SE). There was a significant
experimental effect between the two experiments. There was no
significant expe1imental effect among the three experiments.

Effect of NAC on Catalase and SOD Activity in Th1V Inoculated Tobacco
Catalase activity was not significantly different between TMV inoculated
(+TMV/+NAC and +TMV/-NAC) and mock inoculated (-TMV/+NAC and
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-1MV/-NAC) plants at 0, 48, and 96 hours postinoculation (Figure 10) (p>0.05).
Additionally, there was no significant difference in catalase activity in plants treated
with NAC (+1MV/+NAC and-1MV/+NAC) when compared to plants not treated with
NAC (+TMV/-NAC and -1MV/-NAC) at 0, 48, and 96 hours postinoculation. The
highest mean catalase activity, 3.2 units/mg protein occurred at 48 hrs in mock
inoculated plants.
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Effect of N-acetyl Cysteine (NAC) on Catalase Activity in Xanthi-nc
Tobacco Inoculated With TMV San1pled at 0, 48, 96 hrs Post-inoculation.
Samples were taken from TMV and mock inoculated plants. Enzyme
activity is expressed as units per mg total protein. One of three
representative expe1iments are shown. Each bar represents the mean of
nine replicate samples (+/- SE). There was a significant expe1imental
effect among the three experiments.

There was no significant difference in SOD activity between TMV inoculated
(+TMV/+NAC; +1MV/-NAC) and mock inoculated (-TMV/+NAC; -TMV/-NAC)
plants (p>0.05) (Figure 11).

SOD activity was not significantly different between

NAC-treated (+TMV/+NAC;-1MV/+NAC) and plants not treated with NAC (+TMV/
NAC; -1MV/-NAC)(p>0.05). Plants treated with NAC and inoculated with TMV did
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-1 V/-NAC) plants at 0, 48, and 96 hours postinoculation (Figure 10) (p>0.05).
Additionally, there was no significant difference in catalase activity in plants treated
with NAC (+TMV/+NAC and -1MV/+NAC) when compared to plants not treated with
NAC (+TMV/-NAC and -1MV/-NAC) at 0, 48, and 96 hours postinoculation. The
highest mean catalase activity, 3.2 units/mg protein occurred at 48 hrs in mock
inoculated plants.
There was no significant difference in SOD activity between TMV inoculated
(+TMV/+NAC; +1MV/-NAC) and mock inoculated (-TMV/+NAC; -Uv1V/-NAC)
plants (p>0.05) (Figure 11).

SOD activity was not significantly different between

AC-treated (+UvfV/+NAC; -1MV/+NAC) and plants not treated with NAC (+HvlV /
NAC; -1MV/-NAC)(p>0.05). Plants treated with NAC and inoculated with TMV did
not show any difference in SOD activity when compared to mock inoculated plants.
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hrs Post-inoculation. San1ples were taken from TMV and mock
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The catalase activity expressed as units/mg protein is reduced in comparison to
the observed catalase activity reported by Mei Bi et al., 1995. They report catalase
activity of 37 units/mg protein in mock inoculated tobacco. However, �'1ei Bi et al.
used an alternative protein extraction procedure and catalase assay.

SOD activity

observed in these experiments is less than the activity reported in tobacco by Sen Gupta
et al. (1996). They report SOD activity of 35.7 units/mg protein in control plants.
However, Sen Gupta et al. used nitroblue tetrazolium as an electron acceptor in their
SOD assays. The reduced SOD activity observed in our experiments may be the result
of assaying crude protein extracts instead of purified extracts because cytochrome
oxidase and peroxidase may react with cytochrome C (Russa, 1997).

CHAPfERV
DISCUSSION
The purpose of this research was to establish a role for free radicals in the signal
transduction pathway which gives 1ise to SAR in response to pathogen attack. Free
radical generation has been implicated as a key component during the development of
the HR and SAR (Delaney, 1997). We hypothesized that free radicals generated dwing
the initial stages of the plant-pathogen interaction could serve as an early signal acting
upstream from SA accumulation.

Consequently, introducing elevated levels of an

antioxidant may allow for the scavenging of these free radicals and alter the activation
of downstream signals during the development of SAR (Figme 12). Purpmogallin
(PPG) and N-acetyl cysteine (NAC) were the antioxidants employed in an attempt to
uncouple this signal transduction pathway.
Plant / Pathogen
interaction

--.

Free
Radicals

1
PPG

--. HR ---- SA--. PR
Proteins,
SAR

NAC
Figme 12.

Involvement of Free Radicals and the Proposed Site of Activation of
PPG and NAC in the Resistance Pathway in Response to Pathogen
Attack.

To test the hypothesis that elevated levels of antioxidants could scavenge free
radicals generated during the plant-pathogen interaction, hydroponically grown tobacco
plants were supplied one of two antioxidants, either PPG or NAC, via the roots. Later
these plants were challenged with TMV. Analysis of lesion area, free and total SA,
28
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were performed to determine the effects of these antioxidants on downstream
components of the signal transduction pathway. Furthermore, levels of two antioxidant
enzymes, SOD and catalase, were assayed to determine indirectly if hydrogen peroxide
and the superoxide radical are generated in response to TMV inoculation in tobacco.
Experiments in which plants were supplied with 60 µM PPG did not exhibit
any change in the size of the HR (Figure 1) or accumulation of free (Figure 3) and total
(Figure 4) SA. Purpurogallin is a phenolic compound used as an additive to edible or
non-edible oils or fats, and as lubricants to inhibit oxidation (Prasad and Laxdal, 1994).
Its antioxidant mechanism is not yet known.

It has been shown to scavenge the

hydroxyl radical (•OH) in vitro and may also scavenge the superoxide radical, and
hydrogen peroxide (Prasad and Laxdal, 1994). Purpurogallin has also been shown to
protect ventricular myocytes and endothelial cells against oxidative stress in vitro (Wu
et al., 1992).
An exhaustive literature search has not provided any specific assays to confim1
the presence or absence of PPG in situ . A possible explanation of these negative
results may be due to the exclusion of PPG by the plant. Fwthennore, these negative
results may be explained by the conjugation or metabolism of PPG in vivo after it is
taken up by the plant. To date, using PPG as an antioxidant in whole plant assays has
not been previously reported. Although ineffective in altering the HR and free and total
SA, the addition of PPG to the roots was not a completely benign treatment.
Concentrations of PPG exceeding 60 µM exhibited a phytotoxic effect manifested
through wilting of the lowest leaves after 72 hours of treatment. This may suggest
PPG is entering the plant and is exerting a physiological effect.
A significant reduction in TMV lesion area occurred in plants pre-treated with 3
mM NAC (Figure 3). However, significant reductions in SA levels and catalase and
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SOD activity did not accompany reduction in lesion area. Based on these results we
were not able to reject the null hypothesis that there is no difference in lesion area, SA
levels, catalase, and SOD activity in TMV-inoculated plants pretreated with an
antioxidant. These data may suggest there are two pathways involved.

The first

pathway results in hypersensitive necrotic lesions in which ROS serve as a p1ima1y
signal. The second pathway gives rise to SA and SAR but does not require ROS as a
signal. These data, together with observed phytotoxicity in plants treated a 30 and 300
rnM solution of NAC, indicate that NAC is entering into the plant and exerts a
physiological effect. However, there is no NAC-specific assay to confim1 this claim.
Although not investigated, using radiolabeled PPG and NAC would allow for the
tracking of these compounds in situ
N-acetyl cysteine (NAC) is a nontoxic chemical used as an antioxidant (Green
and F1ullr, 1995). NAC has been used clinically to counter the effects of oxidative
stress (Roederer et al., 1990). It directly scavenges free radicals in vivo and in vitro
and increases intracellular levels of glutathione (Roederer et al., 1990). Pre-treatment
of tobacco leaves with NAC has reduced SA levels in TMV infected tobacco (Enyedi,
unpublished) and inhibited the induction of PR protein in response to irradiation with
UV-B light (Green and F1ullr, 1995).
Previous experiments have demonstrated SA to be associated with the HR
(Enyedi et al., 1992). In these experiments SA levels were highest in and around the
center of the necrotic lesion. Contrary to the prediction that reduction in lesion area
results in reduction in SA content, both free and total SA levels were not significantly
reduced in NAC treated plants inoculated with TMV. These results are not consistent
with experiments in which TMV inoculated tobacco plants pretreated with NAC by
direct foliar application exhibited a reduction in both necrotic lesion area and SA levels
(Enyedi, unpublished).
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Catalase and SOD enzyme assays were perfom1ed to indirectly monitor changes
in the levels of H2 0i and the Ci- in response to TMV-inoculation.

When a plant

responds to pathogen attack by generating ROS, then levels of antioxidants should
increase to compensate for the increased active oxygen load (Spychalla and
Desborough, 1990). Soybean cells treated with a fungal derived elicitor exhibited
increased levels of H2 0i (Levine et al., 1994). Additionally, tobacco infected witll
Pseudomonas syringae exhibited an increase in the 02 - prior to the appearance of tlle
HR (Adam et al., 1989). However, these two studies have failed to investigate tlle
levels of catalase and superoxide dismutase levels in response to treatment with a fungal
elicitor or fungal pathogen. In response to TMV inoculation, tobacco plants did not
exhibit increases in eitller catalase or SOD.

These results are consistent with tlle

catalase and SOD activity observed in cucumber infected with Pseudomonas syringae
(Keppler and Novacky, 1987). These experiments demonstrated that levels of catalase
and SOD in plants infected with the live incompatible pathogen did not differ from
plants infected with a heat killed incompatible pathogen. In om system, it is likely tliat
insufficient levels of H2 0i and Ci- were generated to affect catalase and SOD levels. If
H202 (Levine, 1994) or the 02- (Doke, 1985) are generated dming the plant-pathogen
interaction they may not induce increases in catalase or SOD, respectively.
Alternatively, these results may be explained by the production and/or release of �02
or

Oi- into the apoplast away from the catalases and SOD's located within the cell.

This explanation is supported by the reduction in lipid peroxidation in cucumber
infected with Pseudomonas syringae in response to pretreatment with SOD which is
expected to remain extracellular (Keppler and Novacky, 1987).

Additionally, the

window of opportunity to observe increases in catalase and SOD may have occurred
prior to 48 homs.

In soybean cells treated with a fungal pathogen, a hydrogen

32
peroxide burst occurs after 8 hrs of exposure (Levine et al., 1994).

Catalase and

SODactivity was shown to increase within 24 hrs of treatment with UV-Blight (Rao,
1996). This suggests that plants respond quickly to oxidative stress.
In conclusion, antioxidant treatment via root uptake appears to have substantial
limitations. Without specific assays for these antioxidants, there is no way to confinn
that PPG and NAC are being imported into the plant.

Introducing PPG as an

antioxidant through the roots does not appear to have any effect on the nmmal
resistance response to TMV-inoculation. However, root uptake of NAC does appear to
reduce the necrotic lesion area in TMV -inoculated tobacco. The antioxidant enzyme
assays performed were not able to confirm free radical generation occurred in response
to TMV inoculation.

The hypothesis that free radicals are involved in the plants

response to pathogen attack is gaining momentum. However, most of the research
involves bacterial, fungal, and fungal-derived elicitors. This study has not confinned
free radical production in plants responding to viral pathogens.
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